Objectives-The Hedgehog pathway has been implicated in small cell lung cancer (SCLC) tumor initiation and progression. Pharmacologic blockade of the key Hedgehog regulator, Smoothened, may inhibit these processes. We performed a phase I study to determine the maximum tolerated dose (MTD) of sonidegib (LDE225), a selective, oral Smoothened antagonist, in combination with etoposide/cisplatin in newly diagnosed patients with extensive stage SCLC. 
Introduction
Aberrant activation of the Hedgehog (Hh) pathway has been implicated in the initiation, maintenance and proliferation of SCLC. Hh signaling is essential in early stromal development and branching morphogenesis of the embryonic airways [1] . SCLC appears to be a relatively undifferentiated airway epithelial tumor that may recapitulate aspects of early lung development [2] . Expression of the ligand, Sonic Hh, and transcriptional factor, Gli-1, are upregulated relative to normal airway epithelium in SCLC [3] . Analogous to its role in early lung formation, Hh signaling has been implicated in SCLC initiation [4] . Constitutive activation of the pathway promotes tumor progression, and deletion of Smo, the seventransmembrane receptor, suppresses initiation and progression in murine models of SCLC [3, 4] . Pharmacologic blockade of Smo inhibits the growth of both mouse and human SCLC [3, 4] . Following chemotherapy, Hh pathway inhibition may delay or prevent recurrence of residual disease in multiple murine SCLC models [4, 5] .
Hh signaling has a role in regulating stem cell maintenance and differentiation, which has been suggested to parallel its role in tumorigenesis. Inhibition of Hh signaling in both in vitro and in vivo models has been associated with a loss of tumorigenic potential and improved survival across multiple tumor models [6] [7] [8] [9] [10] . In SCLC cell lines, Hh inhibition reportedly decreases cell growth primarily via a progenitor population [11] . These data support a model in which clonogenic recurrence of SCLC is dependent on a subset of chemotherapy-resistant progenitor cells and which may depend on the Hh developmental pathway.
The addition of a Hh inhibitor to cisplatin and etoposide (EP) may promote a more sustained treatment response and ultimately improve clinical outcomes in SCLC. As a test of this hypothesis, we undertook this phase I study to evaluate sonidegib [LDE225, N-[6-(cis-2,6-dimethylmorpholin-4-yl) pyridine-3-yl]-2-methyl-4′-(trifluoromethoxy)-1,1′-[biphenyl]-3-carboxamidediphosphate], an oral Smo antagonist, and to determine its maximum tolerated dose (MTD) in combination with EP in newly diagnosed extensive stage SCLC (ES-SCLC) patients.
Materials and methods
This was a single institution, open label Phase I study [NCT01579929], reviewed and approved by the Institutional Review Board. All patients provided written informed consent.
Eligibility criteria
All patients had pathologically confirmed untreated ES-SCLC. Those with asymptomatic disease in the brain were eligible. Inclusion required age ≥18, Karnofsky performance status of ≥70%, measurable disease as per Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 [12] , adequate bone marrow and organ function, and if applicable, a negative pregnancy test in women.
Study design and treatment
A standard, 3+3 dose escalation phase I design was used to determine the MTD of sonidegib given in conjunction with standard chemotherapy of EP. Two successive cohorts of three evaluable patients each were planned: 400 mg daily and 800 mg daily. One additional dose (200 mg daily) was reserved for de-escalation. To establish the MTD, a minimum of 6 evaluable patients must have been treated at applicable dose level.
A patient was considered evaluable for the dose-determining cohort if he/she finished the first two cycles of treatment (42 days) and received the minimum requirement of at least 80% (34 out of 42 days) of the planned doses of sonidegib. To complete minimum safety evaluations, a patient was observed for dose limiting toxicities (DLT) throughout the first 2 cycles (42 days following the first dose on cycle 1, day 1). Patients who did not complete the first 2 cycles for reasons other than a DLT were replaced.
Upon completion of a minimum of four and a maximum of six 21-day cycles of sonidegib with EP, patients in each cohort with at least stable disease received maintenance sonidegib until disease progression or unacceptable toxicity. Etoposide was dosed at 120 mg/m 2 daily on days 1-3; cisplatin was dosed at 60 mg/m 2 on day 1; sonidegib was started on cycle 1, day 1, and patients were required to take the drug at approximately the same time daily while fasting.
Study evaluation
Throughout the administration of sonidegib with EP, patients were assessed on days 1 and 8 of cycles 1 and 2 and on day 1 of cycles 3-6 (cycles 5 and 6, if applicable). Patients were evaluated every three weeks during maintenance sonidegib, with the exception of the first cycle of sonidegib alone, when they were assessed on days 1 and 8. At each visit, a history, physical examination, toxicity assessment, complete blood count, and comprehensive metabolic panel, including creatinine phosphokinase (CPK), were completed. All toxicities were graded using National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0.
Tumor assessments at baseline included a computed tomography (CT) of the chest, as well as other known or suspected sites of disease, and a contrast-enhanced MRI or CT of the brain. Follow-up scans to assess response were obtained after cycles 2, 4 and 6 (if applicable) and every 9 weeks while patients received maintenance sonidegib. Responses were determined using RECIST 1.1 [12] , and confirmation was required on repeat imaging at least four weeks later. Study-associated radiologists (AIH and JBT) reviewed all imaging studies.
Pharmacokinetics
Blood samples were collected prior to sonidegib administration on day 1 of cycles 1 through 9 to determine sonidegib pharmacokinetics. Plasma concentrations of sonidegib were measured using a validated high-performance liquid chromatography method with tandem mass spectrometry. Pre-dose concentrations were summarized and graphically displayed for each dose.
Circulating tumor cells (CTCs)
Peripheral blood was collected for CTC enumeration utilizing the Veridex CellSearch System™. CTCs were quantified at the following times: (i) prior to initiating the sonidegib; (ii) after cycles 1, 2, 4, and 6 of sonidegib and concomitant chemotherapy; (iii) every 3 cycles during maintenance sonidegib therapy; and (iv) at disease progression.
Mutation analysis of actionable cancer genes using next generation sequencing (NGS)
DNA was extracted from available biopsied tissue and cytology specimens (and patientmatched normal tissue). Using our MSK-IMPACT assay (Integrated Mutation Profiling of Actionable Cancer Targets), as previously described, DNA was sequenced and analyzed to identify single nucleotide variants, indels, and copy number alterations involving 341 genes [13, 14] .
Statistical analysis
Overall response rate was estimated as a proportion along with the exact 95% confidence interval (CI). Progression-free survival (PFS) and overall survival (OS) were estimated using the Kaplan-Meier method. Patients were followed from start of treatment until progression or death. Patients still alive at the end of the study period and who did not experience the event of interest were censored at the date of last available follow-up. CTC levels were correlated with presence of metastases using the Wilcoxon rank sum test and with response to treatment by RECIST 1.1 using Fisher's exact test. All statistical tests were two-sided, and p<0.05 was considered significant. Statistical analysis was performed in R 3.2.2 (R Development Core Team), including the "survival" and "Hmisc" packages.
Results

Patient characteristics
Between March 2012 and September 2014, 15 patients with untreated ES-SCLC were enrolled on this phase I study. Baseline characteristics are listed in Table 1 .
Dose escalation and maximum tolerated dose
The dose escalation scheme is summarized in Fig. 1 . At the first dose level, two patients experienced a DLT, including one of grade 3 nausea and one of grade 3 febrile neutropenia. This led to a dose de-escalation to 200 mg daily of sonidegib, as pre-specified in the protocol, with no further DLTs observed in the two patients enrolled in this level. A study oversight committee reviewed these data, and as febrile neutropenia appeared likely attributable to EP and not to the investigational agent, a protocol amendment was made to exclude it from the DLT definition. The 400 mg dose level was expanded with four additional patients without any further DLTs. Six patients were then enrolled on dose level 2 (sonidegib 800 mg daily) without any DLTs. Thus, the MTD was established as 800 mg once daily combined with EP administered every 3 weeks. Dose escalation beyond 800 mg sonidegib was not pursued, as this dose has been previously defined as a recommended phase 2 single agent dose [15] .
Safety and toxicity
All 15 patients were evaluable for toxicity, and all experienced at least one treatment-related adverse event on study ( Table 2 ). The most common grade 3 or 4 related toxicities were neutropenia (53%), anemia (33%), hypokalemia (13%), nausea (13%), CPK elevation (13%), and fatigue (13%). Overall incidence of febrile neutropenia in the DLT assessment period was 7%. With the exception of one patient who experienced grade 3 CPK elevation and grade 1 acute kidney injury during maintenance of sonidegib, the majority of these toxicities occurred during the simultaneous administration of chemotherapy. These adverse events generally were reversible with temporary discontinuation of the drug, and/or appropriate dose adjustment of chemotherapy.
CPK elevation is a common adverse event noted with sonidegib and has been shown to occur in an exposure-dependent manner [15, 16] . Six patients experienced CPK elevations; four developed asymptomatic grade 1 CPK elevations that resolved without intervention and two required dose modifications of sonidegib due to symptomatic increase of CPK. One patient presented for evaluation prior to receiving his second maintenance cycle of the agent with complaints of myalgias and assessment revealed grade 3 CPK and grade 1 acute kidney injury. Sonidegib was held for 1 week and CPK returned to baseline; the patient restarted maintenance sonidegib at 200 mg daily without continued issues. Upon presenting for cycle 3 of treatment, the second patient reported grade 3 myalgias and was noted to have grade 4 CPK elevation. The third cycle was administered without sonidegib, which was restarted 3 weeks later at 400 mg daily; one further dose reduction of sonidegib was required during maintenance.
Serious adverse events were reported for ten (67%) patients, in six of whom these were considered at least possibly related to study drug. In addition to the two patients with grade 3 and 4 CPK elevations, one patient each experienced grade 3 neutropenic fever, grade 3 dehydration, and grade 4 neutropenia. Multiple serious adverse events were noted in one patient who was in the initial sonidegib cohort of 400 mg and had required a dose reduction to 200 mg for grade 3 nausea. After cycle 4 of EP and sonidegib, this patient developed recurrent grade 2 nausea, grade 2 fever, grade 3 abdominal pain, grade 3 colitis, and grade 3 acute kidney injury. Because symptoms appeared possibly related to therapy, the patient was removed from study and died of disease within 30 days. One patient died on study due to an inferior wall myocardial infarction, unrelated to therapy.
Dose modifications
As described, four patients required sonidegib dose reductions: one each for grade 3 nausea and grade 3 neutropenic fever, and two for grade 3 and 4 CPK elevations. Five patients required EP dose reductions: grade 2 acute kidney injury (n = 2), one after 3 cycles and the other after 5 cycles; grade 3 fatigue in the setting of parainfluenza infection after 3 cycles (n = 1); grade 2 fatigue and nausea after 4 cycles (n = 1), and grade 4 neutropenic fever after 1 cycle (n = 1). Two patients received maintenance sonidegib after four and five cycles of chemotherapy, respectively.
Time on study
Patients remained on study for a median of 6 months (range, 1-31 months), with 7 patients treated for 6 months or longer. The median number of cycles of chemotherapy was 6 (range 2-6) and maintenance sonidegib was 3 (range 0-39) (Fig. 2) . Twelve patients discontinued the study secondary to progression of disease, with 9 patients progressing during, or within 90 days of completing, chemotherapy. One patient currently remains on maintenance sonidegib 27 months after completing chemotherapy.
Efficacy
Fourteen patients were evaluable for response (Fig. 3) , as one patient died on study prior to assessment. Eleven patients (79%) achieved a partial response (95% CI 49-95%), and 3 patients (21%) had stable disease. Ten patients completed chemotherapy and received maintenance sonidegib, with 3 patients having continued tumor reduction on maintenance therapy. Median PFS was 5.5 months (95% CI of 4.1-8.4) and median OS was 19.7 months (95% CI 11.2-NA).
Pharmacokinetics
Mean sonidegib plasma concentration-time curves on study are presented in Fig. 4 . Pharmacokinetics data observed on this study were generally consistent with the previous monotherapy experience. Based on the trough plasma concentration over time, steady state seemed variable, but was reached by cycle 7 with a concentration trough of 1080 ng/ML. As the drug has a long half-life, its exposure accumulated, with median accumulation ratio from cycle 7 to cycle 2 of 5.6. The two patients with the highest sonidegib plasma concentrations were treated at the 800 mg dose; neither suffered dose limiting toxicities nor required dose reductions.
Circulating tumor cells
Baseline CTCs were evaluated on 14 of the 15 patients. At baseline, CTCs ranged from 0 to >200, with 10 patients having ≥5 CTCs and 4 patients with >200 CTCs. An exploratory analysis showed that while baseline CTCs correlated with liver metastasis (median CTC of >200 vs 3.5 for those with liver metastasis vs without liver metastasis, p = 0.007), CTCs did not correlate with brain or bone metastasis. In univariate analysis, elevated baseline CTCs appeared to be associated with worse OS: the median OS for patients with baseline CTC >200 vs ≤200 was 6.2 months compared to 25.7 months. Persistently elevated CTC number at cycle 2 day 1 (N = 13) also appeared to be associated with worse OS in univariate analysis (median OS of 25.0 months if CTC = 0 (N = 7) vs 5.5 months for CTC ≥1 (N = 6)). Furthermore, 10 of 11 patients with a partial response had CTC = 0 at time of first follow-up scan, as compared to none of the three patients with stable disease. At progression, 5 of 13 patients had a rise in the CTC from nadir.
Tumor mutational profiling
Only five patients, including the one who died, had adequate tissue and matched normal available for NGS. The remaining patients received sonidegib 400 mg (n = 2) and 800 mg (n = 2) for a median of 8 months including maintenance therapy and each had RB1 and TP53 loss. Notably, only in the one patient continuing on sonidegib over 27 months since completing etoposide/cisplatin, NGS analysis revealed tumor-specific amplification of SOX2 and PIK3CA, both on chromosome 3q26.3-27.
Discussion
The primary goal of this Phase I study was to establish the safety profile and recommended phase II dose of the Hh inhibitor sonidegib when given with standard of care first-line cisplatin and etoposide in patients with newly diagnosed ES-SCLC, which proved to be cisplatin 60 mg/m 2 on day 1 with etoposide 120 mg/m 2 daily on days 1-3, and sonidegib 800 mg daily on days 1-21 of a 21-day cycle. Pharmacokinetic analyses did not suggest that EP had a substantial effect on sonidegib exposure. Based on prior single agent experience with sonidegib, this dose level is within the pharmacologically effective range, associated with objective responses in pathway-dependent tumors including basal cell carcinoma and medulloblastoma [15, 16] .
The hypothesis supporting the exploration of this combination in SCLC patients was that addition of a potent and specific Hh pathway inhibitor would lead to enhanced durability of response due to targeting of a critical tumor progenitor population dependent on Hh signaling. Although a 15-patient Phase I dose-finding study may be too small to generate definitive conclusions regarding this hypothesis, the patient outcome data, including an estimated median PFS and OS of 5.5 and 19.7 months, respectively, generally are consistent with expected outcomes with EP in ES-SCLC patients [17] [18] [19] .
This observation suggests a discrepancy between the data in multiple murine models of SCLC and the initial data in patients [3, 4] , likely due to various factors, including tumor burden. Mouse models, whether evaluating de novo murine tumors or transplanted human tumors, generally are treated at tumor sizes below 200 mm 3 , generally below the level of clinical detection in humans. ES-SCLC patients often have exceptionally large tumor burden at the time of diagnosis. Substantially larger tumor bulk presumably will be associated with a larger and more heterogeneous population of tumor progenitor cells, and also may lead to protection of tumor progenitors due to anatomic considerations, including oncotic and hydrostatic pressures that limit intratumoral drug delivery. Smo inhibition has been associated with effective responses in basal cell carcinoma and medulloblastoma, which are known to harbor activating Hh pathway mutations [20] [21] [22] [23] . However, in malignancies such as SCLC, with ligand-dependent activation of the Hh pathway, Smo inhibitors have not yet demonstrated clinically meaningful activity. The randomized phase II study that evaluated vismodegib with EP compared to chemotherapy alone in newly diagnosed ES-SCLC patients failed to demonstrate an improvement in PFS or OS [24] . Therefore, in SCLC and cancers with overexpression of the Hh signaling pathway, other oncogenic signaling pathways may primarily drive their proliferation [25] .
Two patients had exceptionally durable responses: one in the 800 mg dose cohort who remained on sonidegib for over a year, and the other in the 400 mg dose cohort who remains progression-free on maintenance sonidegib after 27 months. Such durable responses would be unusual for EP alone, and suggests that a subset of patients may benefit from targeted Hh pathway inhibition. Sufficient tissue was available for NGS for five of the patients, including the patient with the longest response whose NGS analysis revealed amplification of SOX2 and PIK3CA, both on chromosome 3q26.3. This finding was not demonstrated in any of the other patients with NGS analysis in this series. Notably, coamplification and cooverexpression of PRKCI and SOX2 on 3q26 have been reported to cooperate to drive cell autonomous Hh signaling in cancer stem cells of squamous cell carcinoma of the lung [26] . Treatment of these cell lines with sonidegib led to downregulation of the transcriptional target, GLI1, consistent with pathway activity [26] . As SOX2 amplification has been reported in up to 27% of SCLC patients [27, 28] , further analysis of this signaling axis is warranted and could reveal clinically relevant predictive biomarkers that may possibly tailor the use of Hh inhibitors to SCLC patients most likely to benefit. This study reinforces prior observations regarding the prognostic and predictive value of CTC enumeration in this disease [29] [30] [31] [32] : baseline CTC count appeared to be associated with liver metastases and worse OS; CTC count after one cycle of therapy appeared to be associated with OS, and the elimination of detectable CTC after two cycles was strongly associated with response. Recent studies have demonstrated that CTC in SCLC have clear tumorigenic capacity, further underlying the importance of this tumor compartment as a readily accessible predictor of tumor behavior [33] .
This study establishes a well-tolerated three-drug regimen for first-line treatment of SCLC, with incorporation of targeted inhibition of the Hedgehog signaling pathway. Further evaluation of whether subsets of patients preferentially benefit from inclusion of sonidegib are warranted given that one patient continues to respond to the agent, with focal 3q26 amplification [26] . We also would consider evaluation of Hedgehog inhibition in the context of limited stage SCLC, where with chemoradiotherapy much deeper responses are achieved, including cures in some patients: it is perhaps in the minimal disease state after chemoradiation that the efficacy of an agent targeting the progenitor population giving rise to disease recurrence could most be definitively assessed. Dose Escalation Scheme and Dose Limiting Toxicities (DLT). Diagram describes the dose escalation with associated toxicities in each cohort, if any. Sonidegib was administered orally once daily with etoposide/cisplatin administered every 3 weeks. A study oversight committee reviewed the data and febrile neutropenia was determined to be secondary to etoposide/cisplatin and not sonidegib, leading to exclusion of this adverse event from the DLT definition. The maximum tolerated dose was determined to be 800 mg after treating 6 patients. Waterfall plot. Only 14 patients are evaluable (one patient died of an unrelated cause one week after cycle 2). The individual patient identification number, along the x-axis, labels its respective bar and corresponds to patients 1-15 in Fig. 2 . The response rate was 79% (11 out of 14, 95% CI: 49-95%). Table 1 Baseline patient characteristics (N = 15). Table 2 Treatment emergent adverse events. 
